Ubiquitin (Ub)-mediated proteasome-dependent proteolysis is critical in regulating multiple biological processes including apoptosis. We show that the unstructured BH3-only protein, NOXA, is degraded by an Ub-independent mechanism requiring 19S regulatory particle (RP) subunits of the 26S proteasome, highlighting the possibility that other unstructured proteins reported to be degraded by 20S proteasomes in vitro may be bona fide 26S proteasome substrates in vivo. A lysine-less NOXA (NOXA-LL) mutant, which is not ubiquitinated, is degraded at a similar rate to wild-type NOXA. Myeloid cell leukemia 1, but not other antiapoptotic BCL-2 family proteins, stabilizes NOXA by interaction with the NOXA BH3 domain. Depletion of 19S RP subunits, but not alternate proteasome activator REG subunits, increases NOXA half-life in vivo. A NOXA-LL mutant, which is not ubiquitinated, also requires an intact 26S proteasome for degradation. Depletion of the 19S non-ATPase subunit, PSMD1 induces NOXA-dependent apoptosis. Thus, disruption of 26S proteasome function by various mechanisms triggers the rapid accumulation of NOXA and subsequent cell death strongly implicating NOXA as a sensor of 26S proteasome integrity.
The expression of BH3-only proteins is controlled by multiple mechanisms including those at both transcriptional and post-translational levels. NOXA is regulated in a stimulusdependent manner by various transcription factors including p53, HIF1a and c-MYC. [4] [5] [6] NOXA is also ubiquitinated and its levels are regulated by proteasome-dependent degradation. [7] [8] [9] The requirement for NOXA in proteasome inhibitorinduced apoptosis suggests that the degradation of NOXA is a key mechanism by which its pro-apoptotic activity is regulated. 3, 8 However, whether ubiquitination of NOXA targets it for proteasomal degradation is unknown.
The major route of proteasome-dependent protein degradation in mammalian cells is by ubiquitin (Ub)-dependent targeting to 26S proteasomes, in which assembly of polyubiquitin chains containing at least four Ub moieties on the protein targeted for degradation are recognized by 26S proteasomes. Ub is initially activated by an Ub-activating enzyme (E1), transferred to one of a limited number of Ub-conjugating enzymes (E2) and subsequently covalently attached, in most cases, to lysine residues of target proteins by one of many E3 Ub protein ligases. 10, 11 Alternatively, a subset of proteins containing unstructured regions, including BIM and MCL-1, may be degraded, at least in vitro, in a proteasome-dependent but Ub-independent manner by 20S proteasomes. [12] [13] [14] [15] However, the physiological significance of this pathway remains controversial. 13, 16 We now show that NOXA is degraded by a 26S proteasome-dependent but Ub-independent pathway in cells. NOXA is stabilized by MCL-1. Depletion of 19S regulatory particle (RP) subunits leads to loss of 26S proteasome function and NOXA-dependent apoptosis, supporting the hypothesis that NOXA is a sensor of 26S proteasome function.
Results
Proteasome-dependent degradation of NOXA is lysineindependent. To investigate the mechanism of NOXA degradation, we mutated either the three amino terminal or all six lysine-to-arginine residues, which are unable to form isopeptide bonds with Ub, to generate either NOXA-K4/5/8R (NOXA-3KR) or lysine-less NOXA (NOXA-LL) ( Figure 1a ). Following transfection of these constructs, cells were incubated with cycloheximide and NOXA levels assessed. NOXA-WT, NOXA-3KR and NOXA-LL were all rapidly degraded (half life (t 1/2 ) B2 h, Figure 1b ), similar to t 1/2 of endogenous NOXA. 8 Similar results were observed using NOXA-WT and -LL constructs with a single N-terminal Strep Tag (Supplementary Figure S1A) . As a control for an Ub-dependent substrate, MyoD was overexpressed and degradation of wild-type and lysine-less mutants assessed. 17 Degradation of lysine-less full-length and an N-terminal deletion mutant were reduced or completely blocked compared with wild-type MyoD, respectively, in contrast to our results with NOXA-LL (Supplementary Figure  S1B , 17 ). As cycloheximide may also inhibit the synthesis of proteins involved in regulating NOXA turnover, 35 S pulsechase labelling was used followed by streptactin bead pulldown assays to compare the basal turnover of Strep Tag-NOXA-WT with -LL. Under basal conditions, Strep Tag-NOXA-WT and -LL were both rapidly turned over with similar t 1/2 of B30 min (Figure 1c ). Taken together, our results using two independent methods show that both NOXA-WT and -LL are rapidly degraded with a similar t 1/2 . Next, we assessed whether degradation of NOXA-WT and -LL was proteasomal-or lysosomal-dependent. Cells were incubated with the proteasome inhibitor, MG132, or two lysosomal inhibitors, chloroquine or NH 4 Cl, followed by incubation with cycloheximide. Only MG132 significantly blocked the degradation of untagged or Strep tagged NOXA-WT or -LL ( Figure 1d and Supplementary Figure S1C) . Degradation of MCL-1, a known proteasomal substrate, 18 was also inhibited by MG132 but not by chloroquine or NH 4 Cl (Figure 1d and Supplementary Figure S1C) . Together, these results suggest that NOXA is degraded by a proteasome-dependent but NOXA-LL is not ubiquitinated but functions like wild-type NOXA. To examine whether NOXA-LL was ubiquitinated, cells were co-transfected with NOXA-WT or -LL constructs and a His 6 -tagged Ub vector. His 6 -Ub conjugates were eluted from Ni 2 þ -nitriloacetic acid (NTA) beads in the absence of a reducing agent and analyzed by immunoblotting. NOXA-WT, but not NOXA-LL, was ubiquitinated and eluted as a ladder of mono-and polyubiquitinated species (Figure 2a ). Cells were also co-transfected with either Strep Tag-NOXA-WT or -LL and either HA-tagged Ub-WT, which was incorporated into protein substrates (Figure 2b , lanes 4-6, lower panel) or Ub-VV, in which the two C-terminal glycine residues were mutated to valine. This Ub mutant cannot form isopeptide bonds with target proteins, and is thus expressed only as a monomer (Figure 2b , lanes 7-9, lower panel). 19 Whereas Strep Tag-NOXA-WT was strongly ubiquitinated, Strep Tag-NOXA-LL was not ubiquitinated (Figure 2b N-terminal ubiquitination on non-lysine residues promotes proteasome-dependent degradation of proteins, and addition of a large tag at the N-but not the C-terminus stabilizes N-terminal ubiquitinated proteins. 17, 20 Some N-terminally ubiquitinated proteins are also stabilized by short N-terminal truncations. 20 Although an N-terminal Myc 6 tag stabilized NOXA-WT and -LL (Supplementary Figure S2A) , fusion of a C-terminal Myc 6 -tag to either NOXA-WT or -LL also blocked degradation of both proteins (Supplementary Figure S2A) . In contrast, deletion of the N-terminal eight amino acids from NOXA-WT, which included three potential ubiquitination sites, did not stabilize either NOXA-WT or -LL (Supplementary Figure S2B) . These data strongly suggest that NOXA is not Nterminally ubiquitinated and that a NOXA-LL mutant is rapidly degraded in the absence of ubiquitination (Figures 1 and 2) .
NOXA-WT and -LL induced similar, albeit moderate, levels of apoptosis and both associated with MCL-1, in contrast to the BH3 domain mutant, NOXA-L29E/F32E/L36E (NOXA-3E), which neither induced apoptosis nor interacted with MCL-1 (Figures 2c and d) . 21 Taken together, our results show that a NOXA-LL mutant has comparable functional activity to NOXA-WT.
NOXA is selectively stabilized by MCL-1 and requires a functional BH3 domain for its stabilization. As NOXA is rapidly degraded and may interact with MCL-1, BCL2A1 and BCL-X L , 2,3 we examined their effects on NOXA levels, as well as that of NAD(P)H Quinone Oxidoreductase 1 (NQO1), which stabilizes several proteasomal substrates. 12 Strikingly, co-expression of NOXA with MCL-1 strongly increased NOXA levels compared with expression of NOXA alone (Figure 3a, upper panel) . Co-expression of NOXA with BCL2A1 or BCL-2 led to a decrease in NOXA levels relative to expression of NOXA only (Figure 3a , upper panel). Analysis using 35 S pulse-chase labelling showed that MCL-1 decreased the turnover of Strep Tag-NOXA Bfivefold from B30 to 160 min (Figure 3b ). To test whether MCL-1 was required for stabilization of NOXA, MCL-1 was depleted by RNA interference (RNA i ). NOXA disappeared whereas BIM isoforms or PUMA, which can also associate with MCL-1, were largely maintained with no change in BCL-2 levels (Figure 3c ), supporting the idea that NOXA was selectively stabilized by MCL-1.
To examine whether interaction between NOXA and MCL-1 was necessary to maintain NOXA levels, cells were transfected with NOXA-WT or a NOXA-3E mutant, which does not bind MCL-1 (Figures 2d and 3d , lower panel 21 ). Interaction of NOXA-WT with MCL-1 was essential for stabilization of NOXA, as no increase in NOXA levels was observed with NOXA-3E, following co-expression with MCL-1 ( Figure 3d , top panel). Similar results were observed using a reciprocal pulldown assay in which Strep Tag-NOXA-WT, but not a -3E mutant, was stabilized by MCL-1 (Supplementary Figure  S3D) . To further understand the mechanism by which MCL-1 selectively stabilizes NOXA, we used a NOXA structure in complex with BCL2A1 (PDB ID: 3MQP) to model the complexes of NOXA with MCL-1 and BCL-X L . We asked which features in the modelled NOXA:MCL-1 complex may explain why this may be more stable than the complexes with BCL2A1 and BCL-X L . Three favourable potential electrostatic Figure S3A) . In BCL2A1 and BCL-X L, these basic residues are replaced with Cys/Gln or Gln/Gln, respectively (Supplementary Figure S3B) . To investigate the involvement of this cluster of glutamate residues in NOXA stabilization, these residues were mutated to generate a NOXA-E20R/E22R/E24R mutant (NOXA-3R). To exclude possible differences in epitope recognition by the NOXA antibody being responsible for observed differences in NOXA levels in vivo, a coupled in vitro transcription/translation assay was used to initially express NOXA-WT, -3E and -3R. Similar levels of NOXA-WT, -3E and -3R were observed using the NOXA antibody, indicating the antibody recognizes both NOXA-WT and mutant proteins similarly (Supplementary Figure S3C) . The NOXA-3R mutant weakly interacted with MCL-1 compared with NOXA-WT (Supplementary Figures S3D and E, lower panels). Levels of the NOXA-3R mutant protein were also moderately increased following its co-expression with MCL-1, albeit weakly compared with NOXA-WT (Supplementary Figures S3D-F) . Moreover, cycloheximide chase studies indicated that while MCL-1 overexpression strongly blocked degradation of NOXA-WT, turnover of NOXA-3R was also partially inhibited by MCL-1, particularly compared with NOXA-3E (Supplementary Figure S3F) . In summary, our results show that a cluster of acidic residues in NOXA contribute to MCL-1-mediated stabilization of NOXA, but are less critical than the BH3 domain.
NOXA contains unstructured regions. Various proteins, which can be degraded by an Ub-independent pathway, possess unstructured regions that may act as initiation sites for their subsequent degradation. 12, 16 Multiple predictive tools suggested that the N-terminal region of NOXA has a high probability to be disordered (Supplementary Figure S4) . Moreover, the thermal denaturation curve for synthetic NOXA (s-NOXA) showed no evidence of cooperative unfolding, which suggested that the protein was intrinsically unfolded, whereas DN-MCL-1-WT showed co-operative unfolding (Supplementary Figure S5A) . The circular dichroism (CD) spectrum for full-length s-NOXA was characteristic of a largely unstructured protein, whereas that of DN-MCL-1-WT showed characteristics of an a-helical protein (Supplementary Figure S5B) . Addition of NOXA to a constant concentration of DN-MCL-1-WT showed a characteristic increase in a-helical content, which was not observed with DN-MCL-1 G262A, a non-binding BH1 domain mutant of MCL-1 (Supplementary Figure S5B) , suggesting that the NOXA:MCL-1 complex has an increased helical structure.
19S RP subunits of the 26S proteasome are required for NOXA degradation. Our results suggested that NOXA is an unstructured protein that can be efficiently degraded in an Ub-independent manner (Figures 1 and 2 , Supplementary  Figures S4 and S5 ). Although several proteins containing unstructured regions, including p53, p73a, p21
Cip1 IkBa, MCL-1 and BIM, can be degraded in an Ub-independent manner by 20S proteasomes in vitro, 12, 14, 15, 22 it remains to be demonstrated whether 20S proteasomes are required for their degradation in vivo. The CDK inhibitors p21
Cip1 and p19
Arf and the lysine-less protein p16 Ink4a can be degraded in an Ub-independent manner in vivo by proteasomes capped with alternate REGg activator subunits. 23 Other proteins, such as ornithine decarboxylase, are degraded by 26S proteasomes by an Ub-independent pathway. 24 siRNA-mediated depletion of either 19S RP or REG activator subunits was used to investigate the possible involvement of 26S or REG-capped proteasomes, respectively, in NOXA degradation in vivo. Depletion of the 19S RP non-ATPase subunit PSMD1/Rpn2 or the AAA þ -ATPase subunits PSMC1/Rpt2, PSMC2/Rpt1 or PSMC3/Rpt5, but not the alternate activators REGa, b or g, increased levels of endogenous NOXA that were accompanied by moderate increases in MCL-1, concomitant with accumulation of polyubiquitinated proteins in the absence of changes in levels of monomeric Ub (Figure 4a ). Increased NOXA levels were also observed, following depletion of different 19S RP subunits in HCT-116 colorectal carcinoma and H1299 lung carcinoma cells (Supplementary Figures S6A and B) . The levels of BIM EL , another BH3-only protein that can be targeted to the proteasome, 14 were also moderately increased (Supplementary Figure S6A) . In contrast, the levels of PUMA, which may also be a proteasomal target, 25, 26 were not significantly changed (Supplementary Figure S6A) . Depletion of 19S RP AAA þ -ATPase subunits or PSMD1, but not REG subunits, also extended the t 1/2 of endogenous NOXA and MCL-1 (Supplementary Figure S6C) . 35 S pulse-chase labelling studies also showed that depletion of PSMC1 decreased the t 1/2 of Strep-tagged NOXA more than six-fold (Supplementary Figure S6D ).
Next, we examined the effect of siRNA-mediated depletion of both AAA þ -ATPase subunit, PSMC1, and a non-ATPase 19S RP subunit, PSMD1, on the assembly and activity of 26S proteasomes using glycerol density gradient centrifugation. In control siRNA-treated cells, a major faster sedimenting peak of proteasome activity (fractions 18-21) characteristic of 26S proteasomes was observed, as it co-migrated with 19S RP subunits and half of the 20S core particle (CP) subunits (Figure 4b and Supplementary Figure S7A) . A minor, slower sedimenting peak of proteasome activity (fractions 12-16) characteristic of uncapped 20S proteasomes, as it was activated by low SDS concentrations and co-migrated with the remaining half of the 20S CP subunits, was also observed (Figure 4b and Supplementary Figure S7A , 27, 28 ). Importantly, depletion of PSMC1 or PSMD1 resulted in substantial loss of 26S proteasome activity accompanied by a 2-3-fold increase in 20S proteasome activity, together with an increased proportion of CP subunits in 20S compared with 26S proteasomal fractions and the displacement of 19S RP subunits to lower density fractions (Figure 4b , Supplementary  Figures S7A and B) . These results are consistent with the disruption of 26S proteasome structure and increased accumulation of 20S proteasomes. 28 The increase in NOXA levels following PSMC1 depletion, but not following lactacystin or epoxomicin, was dependent (Figures 4c and d) . These results were consistent with the observation that PSMC1 knockdown was incomplete, allowing residual 26S proteasome activity to subsequently degrade NOXA, which was enhanced in the absence of MCL-1 (Figures 4b and c , Supplementary Figures S7B and S7C ), whereas proteasome inhibition by MG132 and lactacystin was more complete (Figure 4d ). Importantly, following depletion of PSMC1, NOXA-LL degradation was blocked to a similar extent as both endogenous NOXA and transfected NOXA-WT (Figure 4e ), demonstrating that 19S RP subunits were also required for degradation of a NOXA-LL mutant.
NOXA is required for apoptosis mediated by 26S proteasome inhibition. Next, we examined whether depletion of individual 19S RP subunits induced apoptosis. Depletion of PSMD1 using a pool of four individual siRNAs induced significant levels of apoptosis in HeLa cells, which correlated with the highest levels of NOXA (Figure 5a ). The broad-spectrum caspase inhibitor, z-VAD.fmk, completely inhibited apoptosis following suppression of PSMD1, indicating that cell death was caspase-dependent (Supplementary Figure S8) . Loss of PSMD1 caused a concentration-dependent increase in apoptosis, accompanied by an accumulation of polyubiquitinated proteins, which was consistent with disruption of 26S proteasome activity (Figures 5b and c) . Importantly, apoptosis triggered by depletion of PSMD1 was strongly decreased using two independent pools of NOXA siRNA in both HeLa and H1299 cells (Figures 5b and c) . In summary, these results show that the degradation of NOXA in cells requires 19S RP of the 26S proteasome and demonstrate that disruption of 26S proteasomes triggers NOXA-dependent apoptosis. Although the siRNA for NOXA largely protected against apoptosis, we cannot exclude the possibility that other BH3-only proteins may also have some additional or complimentary role in apoptosis induced, following loss of 26S proteasome integrity.
Discussion
Our data shows that NOXA, which possesses an unstructured region, can be degraded by 26S proteasomes in an Ub-independent manner in vivo (Figures 1, 2 and 4 and Supplementary Figure S4 ). This is the first demonstration that a BCL-2 family member can be degraded by 26S proteasomes in an Ub-independent manner, and raises the possibility that other BH3-only proteins containing unstructured regions may be degraded in a similar manner in vivo,
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In more general terms, there is an expanding list of unstructured proteins including p53, p73a, p21 Cip1 IkB, MCL-1 and BIM that are proposed 20S proteasome substrates based on in vitro studies. 12, 14, 15, 22 Our studies with NOXA suggest that some of these proteins may be bona fide 26S proteasome substrates in vivo. For example, although MCL-1 can be degraded by 20S proteasomes in vitro and a non-ubiquitinated MCL-1 mutant is degraded at a similar rate compared with wild-type MCL-1, 15 other studies and our data suggest that 26S proteasomes have an important role in MCL-1 turnover in cells, possibly by the E3 ligase, MULE 30 ( Figure 4 and Supplementary Figure S6) . Depletion of 19S RP subunits in cells showed that NOXA accumulated under conditions where 26S proteasome activity was inhibited and 20S proteasome activity was increased (Figure 4b ). These results clearly support the hypothesis that NOXA degradation in cells occurs by 26S as opposed to 20S proteasomes. We suggest that this approach of using siRNA-mediated selective inhibition of 26S proteasomes without inhibiting 20S proteasome activity may be a useful tool to assess the relative contributions of 26S and 20S proteasomes to the degradation of other proteins containing unstructured regions in vivo (Figure 4) . 28 Previous studies have demonstrated a requirement for NOXA in cell death triggered by proteasome inhibitors that act by inhibiting the 20S CP catalytic activity. [7] [8] [9] We now show that depletion of the 19S RP non-ATPase PSMD1 subunit by RNA i resulted in NOXA-dependent apoptosis ( Figure 5 ). Concurrent increases in MCL-1 following blockade of 26S proteasomes potentiate NOXA accumulation by promoting stabilization of NOXA (Figures 3-5) , while also perturbing NOXA-mediated apoptosis. Further studies are therefore warranted to establish how these apparently opposing roles of MCL-1 during proteasome inhibitor-induced apoptosis are regulated. Our results combined with others demonstrate that disruption of proteasomal function by various mechanisms triggers the rapid accumulation of NOXA and subsequent cell death, strongly implicating NOXA as a sensor of 26S proteasome function. Thus, functional targeting of key components of the 19S RP including its AAA þ -ATPase activity or disruption of critical molecular interactions involving, for example, PSMD1, could represent a more specific and targeted alternative approach to treat various tumors than existing proteasome inhibitors, which primarily inhibit the chymotrypsin-like activity of 20S proteasomes. Our observation that suppression of different 19S RP subunits resulted in similar moderate increases in MCL-1 yet varying increases in NOXA levels suggests distinct pathways may exist for controlling degradation of 19S RP substrates, possibly by utilization of distinct proteasome entry portals. 31 Our findings do not exclude the possibility that NOXA turnover may occur by a trans inititation mechanism in vivo.
16 Consistent with this two-part degron model, 16 NOXA may associate with an uncharacterized polyubiquitinated adaptor protein that facilitates its targeting to the 19S RP and subsequently, degradation of NOXA is initiated from the unstructured region of NOXA. Further studies are necessary to distinguish this possibility from an alternative model that NOXA binds directly with sufficiently high affinity to the 19S RP, followed by degradation commencing from its unstructured region.
MCL-1 caused a dramatic stabilization of endogenous NOXA in vivo (Figures 3 and 4) . A similar finding was also observed in HeLa cells. 32 The NOXA BH3 domain was required for MCL-1-mediated stabilization of NOXA (Figure 3d and Supplementary Figure S3D) . In addition, a cluster of acidic residues (Glu 20, Glu 22 and Glu 24) in NOXA that form potential electrostatic interactions with two exposed basic residues in MCL-1 (Supplementary Figures S3A and B) appeared to contribute to the selective stabilization of NOXA by MCL-1 (Supplementary Figure S3) . These results are in apparent contrast to previous studies in MEFs, which have shown that proteasomal degradation of MCL-1 is triggered by its interaction with NOXA. 21, [33] [34] [35] Recently, it has been shown that MULE, an E3 ligase for MCL-1, and USP9X, a deubiquitinase for MCL-1, regulate NOXA-mediated MCL-1 proteasomal degradation. 30, 35, 36 We did not observe a loss of MCL-1 protein either following NOXA overexpression in HEK293T cells (Figure 1 ) or during NOXA-induced apoptosis in HeLa cells (Figures 2 and 5) . The basis for these apparently conflicting observations is unclear but may relate to cell type differences, multiplicity of other E3 ligases and deubiquitinases for MCL-1, or MULE may not be present or have access to the NOXA/MCL-1 complex. Two other BH3-only proteins, BIM and PUMA, stabilize MCL-1 via a mechanism that requires their BH3 domains, 21, 37 and interaction of BIM EL with BCL-2 also reduces its turnover. 38 Although further studies are required to reconcile these differing results, together they highlight the critical role that interactions between BH3-only proteins and their pro-survival partners have in regulating the stability of multiple BCL-2 family proteins.
The ability of MCL-1 to stabilize NOXA may have important therapeutic implications. Tumor cells containing anti-apoptotic proteins that have sequestered significant amounts of BH3-only proteins have been described as 'primed for death', and 26S proteasome-dependent NOXA degradation A Craxton et al release of these sequestered BH3-only proteins can lead to high levels of cell death. 39 The ability of MCL-1 to bind and increase the stability of NOXA could represent a mechanism by which cancer cells expressing high MCL-1 levels, such as MYC-induced acute myeloid leukemic cells in mice, are 'primed' with high levels of NOXA. 40 Thus, the development of potent specific MCL-1 inhibitors may fill an important therapeutic need to treat tumors addicted to MCL-1.
In summary, our studies show that NOXA, an unstructured BH3-only protein, can be degraded in an Ub-independent manner by 26S proteasomes in vivo. Interaction of NOXA with MCL-1 selectively increases NOXA stability. Disruption of 26S proteasomes triggers rapid accumulation of NOXA and subsequent apoptosis, strongly implicating NOXA as a sensor of 26S proteasome function. 
. Pools of MCL-1 and NOXA (target sequences; 5 0 -AGAUAUGAAUGUUUCUAAA-3 0 , 5 0 -AGUCGAGUGUGCUA CUCAA-3 0 , 5 0 -GAAACUUAGUAGAACAAAU-3 0 ) siRNAs were also obtained from Ambion (Warrington, UK). Cycloheximide was obtained from Sigma-Aldrich (Poole, UK). MG132 was from Merck Biosciences. Streptactin-sepharose was obtained from IBA GmbH (Göttingen, Germany). Ni 2 þ -NTA agarose was obtained from Qiagen (Crawley, UK).
Plasmid constructs and site-directed mutagenesis. p3xFLAG-CMV7.1 was obtained from Sigma. pEGFP-Myc 6 -NFAT5 was from Addgene (Cambridge, MA, USA). pcDNA3-Myc-MCL-1 was kindly provided by Dr. Eric Eldering (Academic Medical Center, Amsterdam, The Netherlands). pEYZ-BCL2A1 was generously provided by Dr. Ingolf Berberich (University of Würzburg, Wurzburg, Germany). Full-length BCL2A1 was subcloned into either pcDNA3 or pmax to obtain pcDNA3-BCL2A1 or pmax-BCL2A1, respectively. Human BCL-2 cDNA (transcript a, IMAGE clone 4511027) was obtained from Geneservice (Cambridge, UK). The BCL-2 coding sequence was amplified by proofreading PCR then subcloned into the EcoRI and XbaI sites of pcDNA3.1 to generate pcDNA3.1-BCL-2. Human Bcl-X L cDNA was prepared from isolated chronic lymphocytic leukemia patient peripheral blood cells and subcloned with a 5 0 -Strep Tag II into the BamHI and XhoI sites of pcDNA6 to generate pcDNA6-Strep Tag II-Bcl-X L . pcDNA3-NQO1 was a generous gift from Dr. David Ross (University of Colorado, Boulder, CO, USA). pMT107 encoding octa-His 6 Ub under control of a cytomegalovirus promoter was obtained from Dr. Dirk Bohmann (University of Rochester, Rochester, NY, USA). pcDNA3.1-HA-Ub-WT and -VV were generated by proofreading PCR using pcDNA3-Ub-WT as a template, and forward and reverse primers containing flanking EcoRI and XbaI restriction sites including a 5 0 -HA tag, digested and ligated into pcDNA3.1. pcDNA6-NOXA-WT and Strep Tag II-NOXA-WT were prepared by amplifying NOXA-WT from pMT25M-NOXA-WT using 5 0 -and 3 0 -primers containing BamHI and XhoI sites, and ligating into corresponding restriction sites of pcDNA6.
A NOXA-LL construct was generated by two sequential site-directed mutagenesis reactions using a Quikchange Multisite-directed mutagenesis kit (Stratagene, Amsterdam, The Netherlands). In the first reaction, NOXA-WT was used as a template with three mutagenic primers: NOXA-K4R/K5R/K8R, NOXA-K35R and NOXA-K48R to generate a library of NOXA mutants including NOXA-K4R/K5R/K8R/K35R/K48R, which was subsequently used as a template with a NOXA-K41R mutagenic primer to generate NOXA-LL. To construct N-terminal Myc 6 -NOXA-WT and -LL, the Myc 6 tag from pEGFP-Myc 6 -NFAT5 was amplified by proofreading PCR using Pfx DNA polymerase with primers containing flanking BamHI restriction sites, digested and ligated into the BamHI site of pcDNA6-NOXA-WT/-LL. To generate C-terminal Myc 6 -tagged NOXA-WT and -LL, the stop codon of NOXA was first changed into an Ala residue. Then, the Myc 6 tag from pEGFP-Myc 6 -NFAT5 was amplified by proofreading PCR using Pfx DNA polymerase with primers flanked with XbaI restriction sites, digested and ligated into the XbaI site of pcDNA6-NOXA-WT/-LL. All DNA primers were purchased from Invitrogen (Paisley, UK). Sequences of all plasmid constructs were verified by automated DNA sequencing. Sequences of primers used for site-directed mutagenesis of human NOXA are available upon request.
Transient transfection and RNA i of cells. HEK293T and HeLa cells were transfected using JetPEI (Autogen Bioclear, Calne, UK) or TransIT-LT1 (Mirus-Cambridge Bioscience, Cambridge, UK), respectively, according to the manufacturer's instructions. Pools of four individual siRNA duplexes were transfected into cells using Lipofectamine RNA i MAX, following the manufacturer's instructions (Invitrogen).
Assessment of protein stability using cycloheximide chase. Cells were transiently transfected with the indicated constructs. After 48 h, cycloheximide (20 mM) was added for 0-8 h. Cells were washed with ice-cold PBS and lysed for 15 min with ice-cold RIPA buffer (50 mm Tris, pH 7.4, 150 mm NaCl, 10 mm Na 4 P 2 O 7 , 25 mm sodium b-glycerophosphate, 1 mm EDTA, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na 3 VO 4 , 10 mM NaF, 5 mM N-ethylmaleimide, 1 mM 1,10-phenanthroline and 50 mM MG132 supplemented with a complete Protease inhibitor cocktail (Roche, Mannheim, Germany)).
Pulse-chase labelling assay to measure protein turnover. Following transient transfection with the constructs or siRNAs indicated, cells were depleted of cysteine and methionine by washing twice at 4 1C in methionine/cysteine-free medium and subsequently incubating cells for 1 h in methionine/cysteine-free media supplemented with dialyzed serum. Fresh methionine/cysteine-free media with dialyzed serum and 35 S-labeled methionine/cysteine (25 mCi/ml for each amino acid) (Perkin Elmer, Buckinghamshire, UK) was added and incubated for 1 h. After the pulse, the labelling media was removed and the cells washed twice in ice-cold complete medium containing 2 mM unlabeled cysteine and methionine. Complete media with 2 mM cysteine and methionine at 37 1C was added and samples withdrawn at the indicated times. Cells were lysed in 1 ml ice-cold 20 mM TrisHCl pH 7.4, 150 mM NaCl, 10% glycerol, 1% Igepal CA630 containing a complete Protease inhibitor cocktail, MG132, protein phosphatase and deubiquitinase inhibitors. After centrifugation, washed streptactin-sepharose beads were added and the supernatant/bead mixture rotated at 4 1C overnight. The beads were washed in lysis buffer and turnover of 35 S-labeled NOXA followed by SDS-PAGE and Phosphorimage analysis.
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